I. INTRODUCTION
Targeted muscle reinnervation (TMR) has been established as state-of-the-art surgery to allow for improved prosthetic control in high-level upper-limb amputees [1] . Following TMR, patients use direct control from the EMG signals at the reinnervation sites. In this approach, however, the number of control signals and motions is limited. Therefore, several studies explored the use of patternrecognition approaches following TMR [2] to allow for the control of a greater number of degrees of freedom (DOFs). This achievement would improve the recovery of function in daily-life activities and reduce compensatory movements which are detrimental for the posture [3] . High-density EMG (HD EMG) has been shown to provide greater classification accuracy than simpler recording systems with few recording channels, at least in experienced users [4] .
Here we present a longitudinal case study that documents the classification of EMG signals over a period of 17 months post-surgery in a TMR patient. The testing intervals have been chosen based on the progress in the rehabilitation process, consisting of physio-and occupational therapy, signal training, prosthetic fitting, and routine prosthetic use.
II. METHODS

A. Subject and surgical procedure
A 19 years-old male amputee (traumatic incident) underwent TMR surgery [5] [6] after which he was recruited to participate in this study. The TMR treatment was performed at the University Medical Center of Göttingen.
The patient lost his left non-dominant arm in a car accident. Immediate management of the injury involved replantation of the left arm, several radical wound debridements and antibiotic therapy. These extensive reconstructive attempts failed and in order to control the fulminant septicaemia the arm was amputated at the glenohumeral level. Having in mind the alternative functional reconstructive possibilities, such as TMR, the nerve residuals located in the depth of the stump were kept as long as possible and were smoothly covered by the remaining deltoid muscle.
One year after the rehabilitation and the complete recovery (Table 1) , TMR surgery was performed. Extensive psychological examination excluded personal instability or grave impacts of a remaining post-traumatic stress disorder. Sufficient endurance and motivation for the post-surgical rehabilitation necessary for reliable control of the prosthesis were determined.
The TMR surgery was performed in general anesthesia. According to the followed nerve transfer matrix [7] (Fig. 1) , the nerve stumps of the residual brachial plexus were mobilized, cut back to healthy fascicles, and directly end-to-end sutured to the recipient nerves of the target muscles. The patient left the hospital one week after surgery and the wound was fully healed after three weeks.
B. Postoperative therapy and prosthetic fitting
Intensive physiotherapy (PT) and occupational therapy (OT) are recommended immediately after wound healing until measurable reinnervation of the target muscles and stabilization of the sites of EMG activity [8] [9] . PT twice per week was applied to strengthen the trunk muscles (target muscles) and to avoid asymmetry of the upper body as a result of the weight misbalance due to the amputation. The orthopedic technicians adapted a "plumb shaft" to assure an adequate counterweight. The occupational therapy, performed twice a week, aimed at maintaining the cortical representation of the missing arm through conventional mirror therapy and by motor imagery training. Dependent on the distance between the nerve stump and the targeted muscles, the signal training was aimed to prepare for prosthetic training as soon as at least one surface EMG signal was detectable (recommendation by the TMRRehabilitation and Training Otto Bock HealthCare GmbH). As the reinnerva tion is estimated by an axon regrowth at a rate of 1.7 mm/day after suture [10] and the average gap to be bridged by each axon was up to approximately 10 cm, the first signs of EMG activity were expected approximately 60 days after surgery. The aim of the signal training is to get control over the coordination of the reinnervated targeted muscles, i.e. over generating isolated and appropriate, separated activation of the target muscles via the altered nerve control.
According to [9] , final prosthetic fitting begins 12 to 24 months after TMR surgery, as the signals generally are stable at that time. Prosthetic fitting of this subject was done 11 to 13 months post TMR surgery. Since then, he has been routinely using his prosthesis at least six hours per day. The patient was able to sequentially control six movements: elbow flexion/extension, wrist supination/pronation and hand open/close. All of these motions were performed intuitively, except for wrist supination, which was mapped into deltoid muscle activity. 17 months after surgery, the subject performed the Southampton Hand Assessment Procedure (SHAP) [11] , to allow for a functional quantification of the success of the reinnervation process and the prosthetic fitting.
C. Experimental procedure and data analysis
Prior to the experimental participation, the subject signed the informed written consent. The study was approved by the ethics committee of the Universitätsmedizin Göttingen (no. 11/10/14). The patient participated in a total of five experimental sessions throughout the whole rehabilitation process. The experimental EMG testing was performed in parallel to the conventional rehabilitation process described above. The sessions took place 3, 5, 9, 12, and 17 months post-surgery (Table 1) .
At the beginning of each experimental session, the subject was asked to sequentially attempt hand opening and closing, wrist pronation/supination, and elbow flexion/extension. Through visual inspection and palpation of the targeted chest and back muscles, the current status of reinnervation was clinically assessed. In the first two sessions, a standard monopolar EMG derivation with reference and ground electrodes on the bony areas of C6 and C7 was used to test for the presence and location of the reinnervation sites. In the last three sessions, three (Session 3, chest only) and six (Sessions 4 and 5) HD-EMG grids of 8 x 8 surface electrodes each (10 mm inter-electrode distance) were mounted on the subject's chest and back, on the identified reinnervation sites (Fig. 2) . The HD-EMG signals were recorded in monopolar derivation with reference and ground electrodes on the bony areas of C6 and C7 (EMG-USB2 amplifier, OT Bioelettronica, Torino, Italy; gain 1000; bandwidth 3-900 Hz; sampling rate 2048 Hz; A/D conversion on 12 bits). These HD-EMG sessions lasted approximately three hours.
Across all sessions, the subject was seated comfortably in front of a computer screen. In that position, the following 12 movements were sequentially tested: humeral pronation and supination, elbow flexion and extension, wrist flexion and extension, wrist pronation and supination, radial and ulnar deviation, hand open, and hand close. All movements were performed at a self-chosen, comfortable force level. In Sessions 4 and 5, neutral and nomovements runs were also acquired. Using a custom MATLAB software, the patient was prompted to follow a trapezoidal movement cue (with 2-s rise and fall times and a 6-s plateau), but did not receive any feedback on his performance, such that the activation strength was not fully reproducible. The movement cue was further emphasized by an experimenter who verbally communicated the time course of the action and performed the movement with her own arm. For each movement, three runs were acquired. In Sessions 5 and 6 only, this initial measurement block of 13 x 3 runs was repeated with a delay of 1 h. To prevent fatigue, appropriate rest periods were inserted after consecutive runs. For Session 1 and 2, the single-electrode data were only visually explored. For Sessions 3 to 5, the HD-EMG data were analyzed. Noisy channels were removed. For each remaining channel and each run, the signal was digitally filtered (5 th order Butterworth, 10-250 Hz; 2 nd order notch filter, 45-55 Hz). Further, the mean from all channels was removed (common average reference) prior to feature extraction. Following this preprocessing, for each channel and motion, the steady-state plateau-part of the signals was segmented into intervals of 100-ms duration (75-ms overlap), from which the following features were extracted: root-mean square (RMS), zero crossings, slope sign change, and wavelength [12] . Finally, the extracted features were fed to a linear-discriminant analysis (LDA) classifier with 13 (12 in Session 3) output classes. For Session 4 and 5, the classification was performed using the signals from either all six electrode grids or only the three grids located on the chest (for comparison with Session 3, therefore using also only the first three runs per session).
The LDA performance was assessed within each block with a three-fold cross-validation procedure (two of the three repetitions of each movement were used as training and the remaining as test set). The overall classification accuracy was then obtained by averaging the results of the three combinations. For Sessions 4 and 5, this procedure was performed separately for the first and second block. The performance between blocks was also tested in the last two sessions, using the three runs of one block as training and the three runs of the other block as test data.
Wilcoxon signed-rank tests assessed whether the classification accuracies of the 12 (13 when comparing Session 4 to 5) motions differed between sessions.
To assess whether a performance benefit was obtained through HD-EMG compared to standard EMG, the average classification performance in Session 4 and 5 has been calculated for a reduced number of channels (equally distributing the used channels across the matrix and averaging across all possible starting channels).
III. RESULTS
The progress of the assessed signal quality is shown in Fig. 3 which, for all five sessions, depicts which rehabilitation training was performed and whether EMG activity was at all present. For the HD-EMG sessions, the within-block as well as across-blocks classification accuracies are shown. Significant differences between sessions are marked.
During the first session (3 months after TMR surgery), no motor activity could be observed by palpating the respective muscles or by targeted single-electrode EMG investigation. The first sign of motor activity could be detected through palpation as well as through EMG assessment after 5 months (Session 2). Upon these first signs of reinnervation, the subject started with intense physiotherapeutic training and occupational therapy (three times per week) to foster the reinnervation in preparation for a prosthetic fitting. At month 9 (Session 3), pronounced signals, distinguishable between motions, could be observed through palpation for the first time, allowing for the initial HD-EMG assessment. With continuous physiotherapy, the activation of the reinnervated muscles further improved. One week before the next HD EMG session at month 12 (Session 4), the subject received prosthetic training at the Ottobock Competence Center in Duderstadt, Germany, and was first fitted with an arm prosthesis (Dynamic Arm with VariPlus Speed Hand, Ottobock Healthcare GmbH, Germany). At the time of the final HD EMG assessment at month 17, the patient was already proficient with his prosthesis, as documented by an achieved SHAP score of 52.
In Session 3 only three electrode grids positioned on the subject's chest were used, as still no muscle activation was detected through palpation of the back muscles. For this session, the classification accuracy was 76% ± 8% (Fig. 4A) .
A: Session 3: B: Session 5 (block 2): C: Session 5 (across-blocks):
Figure 4. Confusion matrices. The crossvalidated within-block confusion matrix is shown for A) Session 3 (month 9, first block) and B) Session 5 (month 17, second block). C) shows the crossvalidated across-blocks confusion matrix for Session 5. Accuracy is calculated as mean percentage of correct classifications across classes.
Figure 3. Performance over time. The initial absence and first presence of EMG activity (Sessions 1 and 2) as well as the average classification accuracies (mean ± standard deviation) are given (Session 3 to 5). The within-block accuracies are shown in blue (3 matrices considered) and green (6 matrices considered), the acrossblocks accuracies in red. Performed tests are indicated by squared
brackets, significances marked by asterisks. The average accuracy for the movements expected to be represented by the reinnervation sites on the chest ('Elbow Flexion', 'Wrist Pronation', and 'Hand Close') was 80% ± 7%. The two motions with expected reinnervation on the back ('Hand Open' and 'Elbow Extension') corresponded to an accuracy of 82% ± 3%.
When either the 6 or only the 3 grids were used, the accuracy achieved in Session 4 was significantly greater than in Session 3 (86% ± 7% and 94% ± 9%; p < 0.01, Table 2 ). In contrast, when the runs of the first block were used for training and the ones of the second block for testing or vice versa, the accuracy (approximately 32%) was rather bad, but better than chance level of 7.7%. The accuracy of the movements that were explicitly trained during the signal training ('Elbow Flexion', 'Elbow Extension', 'Hand Open', 'Hand Close', 'Wrist Pronation', and 'Wrist Supination') was higher than that for the other, non-trained motions (35% compared to 29%).
Similar results as for Session 4 were obtained for Session 5 for the within-blocks analysis (3 grids, accuracy 85% ± 7%; 6 grids, 96 ± 3%) ( Table 2 and Fig. 4B ) (no statistically significant difference between Session 4 and Session 5, p = 0.787). Conversely, the average across-blocks accuracy (67% ± 20%, Fig. 4C ) was significantly greater than in Session 4 (p < 0.01). As in Session 4, the accuracy was considerably greater on average for the movements that the patient used for the control of his prosthetics than for the other movements (75% versus 60%).
Comparing to (simulated) standard EMG, a clear benefit of HD-EMG was observed. While the average performance was still above 90% if only 32 or 16 channels were used per 64-channel matrix (i.e., every 2nd or every 4th channel), it strongly reduced to below 70% for two or one electrode(s) per matrix spots.
IV. DISCUSSION
We report longitudinal data on the reinnervation and rehabilitation process as well as on HD-EMG pattern recognition for a patient following TMR.
Although we expected the first signs of reinnervation after 60 days (see Methods), there was still no muscle contraction palpable at Session 1, three months post-surgery. This is in contrast to previous reports [6] which at that time post-surgery reported either muscle twitching or palpable muscle contraction and clear EMG activity in glenohumeral TMR patients. The observed delay in this subject most likely resulted from poor compliance to recommended and prescribed PT and OT in the first months due to a temporary lack of motivation. An augmentation of phantom-limb and deafferentiation pain in Session 1 was also reported. After re-entering PT and OT after Session 1, the first sign of motor activity could be detected through palpating at month 5 (Session 2), with a low amplitude EMG activity. Upon these first signs of reinnervation, PT and OT were even further intensified, such that the subject established a good neuromuscular control. Additionally, the phantom-limb pain decreased, most likely due to the extensive motor imagery training and mirror therapy. After 12 months (Session 4), only 5 days of signal training were sufficient to learn to generate five isolated signals, allowing the intuitive control of five motions. Hence, this case study appears to corroborate the finding that early PT and OT as well as visual feedback are crucial for a fast and successful reinnervation and signal generation after TMR [8] [13] . After four weeks of intensive signal training, the subject was fitted with the final prosthesis. The SHAP score (52) in Session 5 shows his proficiency in prosthesis usage, which is comparable to the average performance observed in less impaired transradial amputees ( [14] , no data available for higher-level amputees). Hence, the initial delay in muscular activity did not prevent a successful prosthetic outcome.
However, with direct control, as currently implemented in TMR subjects, the intuitive motions are limited by the number of reinnervation sites. Therefore, pattern recognition methods have been combined with HD EMG measurements to differentiate between more than double as many movement classes, to potentially allow for the intuitive control of a prosthesis with many more degrees of freedom. In previous studies, using 115 monopolar electrodes, 16-motion classification rates of over 90% have been reported [4] . Even without the use of HD EMG, the feasibility of online control of a prosthesis with patternrecognition algorithms was shown for 11 movement classes [15] . This advanced control was shown to considerably outperform direct control in real-life tests with a prosthesis [2] . This result is explained by the observation that muscle portions active in different motions can have strongly overlapping surface representations [16] , limiting the applicability for direct control. In the current study, a clear superiority of HD-EMG versus (simulated) standard EMG was corroborated, because only HD-EMG allowed for reliable decoding of the 12 motions. The performance with standard EMG might have been better than presented here, if the electrode positions had been optimally chosen according to the current neuromuscular hotspots. However, that procedure would have been very time demanding and would have had to be repeated in every session, because hotpots tend to be migrating for several years after TMR surgery [8] .
While the previous studies only performed HD EMG measurements and/or pattern classification long after the subjects underwent TMR surgery and prosthetic fitting, the present longitudinal case study is the first to explore longitudinally EMG-signal characteristics and classification from surgery to acquired prosthesis control. The HD-EMG within-block classification was assessed at three time points: before signal training (Session 3), after signal training at the time of prosthetic fitting (Session 4), and after several months of intense prosthetic use (Session 5). In Session 3, which was conducted prior to any signal training, the classification accuracy was already good, but not very high (76%). This indicates that reinnervation together with physio-and occupational therapy allowed for the generation of discriminable patterns. The accuracy in Session 4 was 94% (86%, if only three matrices were used as in Session 3), similar to that reported in previous studies [4] . This significantly higher accuracy was reached after intense signal training, but before the subject was using a prosthesis in daily life. Because the decoding accuracy was much lower in Session 3 than in Sessions 4, the improvement was presumably due to the ongoing reinnervation process and signal training. In Session 5, the accuracy was 96%, showing that daily-life prosthetic use only marginally (not statistically significant) improved the performance obtained in Session 4. In all HD-EMG sessions, high accuracy was obtained even for those movements which were expected to be encoded on the back only, hinting that a rather consistent pattern was observed also for these movements by the chest muscles. It should be noted that even though certain motions can primarily be attributed to particular nerves, the majority of them are generated as a result of compound activation of several nerves, e.g. hand close is primarily driven by the nervus ulnaris but at the same time it is highly supported by the nervus medianus. Hence, due to the high information content obtained by HD EMG, this phenomenon can be sufficient for distinguishing among the motions which through standard observational means would require careful coverage of all reinnervation sites.
In contrast to the within-block accuracy, the acrossblock accuracy was much poorer in Session 4 (32%) and still far from optimal in Session 5 (67%; Fig. 3 ). To exclude that the low accuracy was due to measurement-related issues, the EMG noise (average RMS during neutral condition) and signal-to-noise-ratio (SNR, average RMS during motion divided by EMG noise) of the different blocks were inspected. For Sessions 4, the noise did not differ between the first and three runs, with the SNR being only marginally higher in the last three runs (2%). Hence, the unsatisfying across-blocks classification accurary cannot have been due to noise or SNR issues in Session 4 but most likely resulting from inconsistent movements. Repeating very similar phantom movements was challenging because both visual and proprioceptive feedback were missing in the present experimental setting and the patient had not trained or performed some of the motions for more than a year. The repeatability between blocks could probably be improved by dedicated training. Indeed, there was a significant improvement in the across-block accuracy from Session 4 to 5. This training effect was most likely achieved due to the pronounced daily use of half of the tested movements. Hence, although the within-block accuracy already saturated at Session 4, the consistency of the movement commands strongly improved with daily prosthesis use. For Session 5, the EMG noise decreased from the first to the last three runs by 26% and the SNR almost doubled from the first three to the last three runs (48%). Therefore, the still not optimal across-blocks classification accurary in Session 5 might have been related also to stronger contractions in the second block, which were not trained in the first block.
In summary, the present case study describes the reinnervation time course observed in one TMR patient and longitudinally explores the within-and across-blocks pattern-recognition accuracy observed before and after signal training as well as after continuous prosthetic use. These results provide insights into the different components of the TMR rehabilitation process.
